Abstract. In this paper, the power quality in a wind power generation system is studied.
Introduction
Nowadays, there is a high demand for the electrical energy. This kind of energy is traditionally generated in electrical power plants, which use fossil fuel sources or natural gas. However, a limited amount of the above energy sources for power plants can be found in nature. Moreover, the prices of these sources increase rapidly. More importantly, these sources are not environmentally friendly. Therefore, the need to generate clean electrical energy has been one of the most challenging engineering problems in recent years. Among di erent renewable energy sources, the need for the wind energy is growing fast. In modern wind power generation systems, one of the generators extended and frequently employed is the Doubly Fed Induction Generator (DFIG).
The DFIG structure is based on applying 2 different converters. The rst converter is the Grid-Side Converter (GSC) and the other one is the Rotor-Side Converter (RSC). Wind farms are mainly located in rural areas where nonlinear, asymmetric loads, and grid faults can lead to frequent disturbances [1] [2] [3] . As a consequence, unbalanced and harmonic disturbances are inevitable in the wind power systems. If DFIG is not controlled by unbalanced voltage, it may cause oscillations with double frequency in electromagnetic torque, active and reactive powers injected to the grid, and mechanical components fatigue [4] . Di erent methods have been introduced to control the DFIG structure. In some results, the conventional control scheme of grid-connected DFIGs is generally based on vector control with Stator Voltage Orientation (SVO) [5, 6] or Stator Flux Orientation (SFO) [7, 8] . The main drawback of these methods is the burden of adjusting P I parameter. In addition, these control methods are not robust against parameters variations. In [9] , a dual P I controller has been employed for adjusting both positive and negative components from rotor current. In [10] , an auxiliary P I controller has been added to the dual P I one to adjust rotor compensator current. A proportional-integral-resonance controller is used in order to prevent positive and negative sequences extractions from rotor current [11, 12] . Direct Torque Control (DTC) technique, which is robust against changes in machine parameters, has been used for induction machine [13, 14] . Similar to DTC, Direct Power Control (DPC) has been used for controlling wind power generation systems based on DFIG [15] [16] [17] [18] . However, applying these methods leads to variable switching frequency, large electromagnetic torque, and output power ripple due to hysteresis blocks, see [13] [14] [15] [16] [17] [18] . Besides, the complexity of designing in these methods increases. In [18] [19] [20] , Sliding-Mode Control (SMC) method has been introduced for DFIG control because of its easy implementation and robustness. SMC has recently been introduced for DFIG control connected to the ideal grid voltage because of its easy implementation and robustness [21] [22] [23] [24] . In [25] [26] [27] , SMC has been used to cancel the uctuation in the electromagnetic torque and output power, but the nal performances of applying these control methods are not still satisfactory. It seems that it is not possible to cancel the relatively large stator and rotor current unbalances, electromagnetic torque, and power pulsations simultaneously in the DFIG by using only 2 converters because of the negative-sequence voltage. Therefore, a new DFIG con guration with an additional grid-side converter in series with the generator's stator windings is proposed in order to eliminate the negative-sequence voltage and its adverse e ects on the DFIG, see [28] [29] [30] . In these results, the proposed method for controlling the SGSC is to apply a P I control law. However, the complexity of adjusting the P I controller coe cients still remains. In [31] , the P I plus resonant (P I + R) controllers are used for the SGSC voltage control (tuning) and PGSC current control (tuning), respectively, under harmonically distorted voltage conditions in the rotating positive (dq) + reference frame.
This method avoids sequential decomposition of currents and voltages, which in turn avoids the slight errors caused by the decomposition procedure. However, this solution is not robust against parameter variations, because the nonlinear cross-coupling between the direct and the quadrature components is compensated for by the feed forward terms, which are dependent on the parameters of DFIG, SGSC, and grid.
In this paper, by applying a suitable SMC control law for a DFIG system with SGSC, the inherent complexity of designing of the controller is removed. Moreover, this control law is robust against the parameter variations in the system. More importantly, a coordinated control is carried out among the 3 converters.
This paper is organized as follows: in Section 2, the DFIG plus SGSC con guration is introduced. Section 3 is devoted to the modeling of SGSC and application of the SMC law to the above system. In Sections 4 and 5, an SMC for both RSC and GSC is proposed. Section 6 represents the schematics of the control system in the DFIG system with SGSC. In Section 7, a simulation is provided, which shows e ectiveness of the obtained results in this paper. The robustness properties of the proposed control law together with the response of the system are examined under the unbalanced voltage conditions. Section 8 is the conclusion of the paper.
2. Con guration of a DFIG system with SGSC Figure 1 shows a DFIG system accompanied by the SGSC. In this structure, SGSC is in series with the network and the DFIG stator-side through three winding transformers. The DC-link is shared among GSC, RSC, and SGSC. With proper injection of voltage by SGSC, the voltage of the stator can be suitably controlled. According to the gure, the voltage of the stator can be written as: V s = e n U series ;
where e n is the grid voltage, U series is the injected voltage by the third converter, and V s is the stator voltage. In the following, the DFIG structure, as shown in Figure 1 , in the unbalanced voltage criteria will be investigated and modeled. 
where e n is the negative sequence grid voltage caused by the unbalanced voltage and U com+ is the error of the positive sequence voltage due to the voltage drop on the impedance of the series transformer, which needs to be compensated for. In the next subsection, the modeling of the SGSC with respect to its structure will be discussed.
Modeling of SGSC
The structure of SGSC is shown in Figure 2 . The electrical equations describing the behavior of SGSC referred to as the stationary reference frame are: 
where U sg n is the space vector relating to the voltage between the middle points of the converter legs and the node n in the stationary reference frame. U sgaN , U sgbN , and U sgbN are the voltages between the middle points of the converter legs and the node N.
The relationship between U sg n , U sg n , and the voltage signals U sgaN , U sgaN , and U sgcN represented in Figure 2 is:
where: 
and M 1 is the transformation matrix between U sg n and U sgN and M 2 is the Clarke's transformation Matrix. Bene cially, no zero sequence term appears in the expression of this Clarke's transformation. In the next subsection, the control algorithm is designed for the SGSC. 
Applying the SMC for SGSC
As it is stated, the injected series voltage of SGSC (U series ) must be adjusted in such a way that the stator voltage DFIG becomes balanced to keep the DFIG stator voltage in line with the positive-sequence grid voltage. Considering Eq. (4), without taking time derivative of the switching variables into account, the control inputs will be achieved and the relative degree of the system becomes 0. Thus, the order of the SMC to be designed must be at least equal to the relative degree of the system. As a result, the sliding surfaces or switching variables are designed as: (13) where:
and: h 1 and h 2 are functions of the state variables. Regarding the sliding-mode control method [33] , the control inputs are:
where S sgabc = S sga S sgb S sgc T . Finally, by replacing Eqs. (7) and (16) in Eq. (13), we have:
To satisfy the sliding condition, one proper choice of S sgabc can be:
where E + is the Moore-Penrose pseudo-inverse matrix, which is speci ed as [34]: The desired control signals are achieved by substituting Eq. (18) in Eq. (16) . In the control rule of Eq. (16), changing the parameter has no e ects in determining the sign of S sgabc ; thus, the proposed control algorithm is robust to the parameter changing as will be shown by simulations. Finally, the control scheme for SGSC is shown in Figure 3 . S wsg1 ; S wsg2 ; , and S wsg6 are the transistors' ON-OFF gating signals, which can be obtained from Eq. (20) as follows:
S wsg1 =0:5(1+U sgaN =u 0 ); S wsg4 =1 S wsg1 ; S wsg2 =0:5(1+U sgbN =u 0 ); S wsg5 =1 S wsg2 ; S wsg3 =0:5(1+U sgcN =u 0 ); S wsg6 =1 S wsg3 ; (20) where u 0 = V dc=2.
SMC of the GSC
As it is expressed in [26] , the GSC must control the active and the reactive power of the grid-side by the sliding-mode control and the DC-link voltage must be set to the reference value using a PI controller. This method is not robust against initial transient state and parameter variations (specially changing of the capacitor of the DC link), simultaneously. In addition, the uctuations of the injected power to the network increase, which decrease the quality of the output power of the system. Therefore, in this paper, to solve these problems, the DC-link is controlled by the slidingmode control method of [32] , but with the di erence that V 2 dc is controlled (instead of 1 V dc ), which has a more simple control algorithm. Figure 4 shows the structure of the GSC. The equations of the GSC, which have been represented in [26] , are expressed here as:
(e n i g + e n i g );
(e n i g e n i g );
P r = P e P s ;
P e = ! r T e ;
As shown in Figure 1 , the common DC-link voltage can be obtained as follows:
De ning Z 2 = V 2 dc and substituting Eq. (24) 
Taking the rst time derivative of Q g and the second order time derivative of Z 2 , the relative degrees of the system will be 1 and 2, respectively. Therefore, similar to the method proposed in [32] , the switching variables are de ned as: 
where e Z2 and e Qg are the error of Z 2 and the error of the reactive power, respectively, which are:
C Z2 and C Qg in Eq (29) are positive control gains. The dynamics of the switching variables can be extracted by taking the derivatives of Eq. (29) as:
Taking the derivations of Eqs. (5), (21), (22) , and (25), the active, reactive, and electromagnetic powers instantaneous variations can be calculated as: 
where:
C eq e n 2 C eq e n e n e n (34) and: 
where S gabc = S ga S gb S gc T .
Substituting Eqs. (26) and (36) The sliding condition will be satis ed while S gabc is selected as:
S gabc = C + S P gQg : 
SMC of the RSC
The sliding-mode control of the RSC is similar to that of [26] . Based on the sliding-mode control, the RSC is used for control of the electromagnetic torque and for the stator reactive power. In the next section, the proposed method is simulated.
Control block diagram of DFIG with SGSC
The general block diagram for the control of a DFIG system with SGSC, which has been discussed in Sections 3 to 5, is shown in Figure 6 . of the simulated 2 MW DFIG system with parameters were adapted from [32] and are given in Appendices A and D; moreover, practical parameters of 5 kW DFIG system with experimental parameters were adapted from [26, 30] and are given in Appendices B and C. In accordance with [26] , the set point of the stator active power is calculated from the rotor speed-optimal power curve and the set point of the stator reactive power is achieved with respect to the required 0.95 leading power factor. The simulation results are divided into 4 parts and the corresponding results are compared with [26, 32] to assess the proposed controller and evaluate its e ectiveness. Sections 7.1 and 7.2 show the desirable performance of the DFIG system accompanied by SGSC under unbalanced grid voltage conditions and Section 7.3 discusses the robustness of the proposed control strategy.
Simulation results of the 2MW DFIG system under unbalanced voltage conditions
As it is shown in Figure 7 (a), at the initial time, a 15% drop in the voltage over the two phases e ect unbalanced voltage source is considered. Also, after the second 5.5, the load is changed. Considering Figure 7 (b)-(d), despite unbalanced voltage, the RSC (with the help of GSC) can control the electromagnetic torque as well as the reactive and the active power of the stator, as investigated in [26, 32] . However, the oscillations with the frequency of 100 Hz still exist. Applying the SGSC by the proposed control algorithm, the amplitudes and ripples of these oscillations are considerably reduced. This in turn improves the operation of the DFIG system and the output power quality. The operation of RSC represented in [26] is similar to [32] . This implies that SMC of the RSC for both methods is the same. In Figure 8 , the DFIG structure of [32] is compared to that of [26] . It can be inferred from the gure that the DFIG structure of [32] has better performance than that of [26] in improving the quality of the active and the reactive output power. This is because of the proper control of GSC applied in [32] . But, as it is mentioned, the 100 Hz oscillations still exist, which reduce the output power quality. On the other hand, as it is seen from Figure 5 , when the proposed control method is applied to the system, the oscillations in the DC-link voltage, the oscillations in the active and reactive power of the grid-side, and the oscillations in the reactive and active output power are reduced and the output power quality is considerably improved. Furthermore, the speed of dynamic response of the system is increased by using the proposed method.
The switching frequency spectrum of one of the switches is extracted and shown in Figure 8(d) . It can be inferred from the gure that the frequencies which have large amplitudes are around 0-1500 Hz and higher order harmonics are negligible. Consequently, no lters are needed.
Also, for the three phase system, 15% drop in the voltage over the one phases e ect unbalanced voltage source has been considered. The same analyses similar to the two phase unbalances have been done. The simulation results are depicted in Figures 9 and 10 . By comparison between 2-phase and 1-phase unbalance simulation results, it can be inferred that the SMC method is independent of type disturbance. 
Simulation results of the 5kW DFIG system under unbalanced voltage conditions
In this case, 10% voltage drop in 2 phases has been examined. The corresponding simulation results are depicted in Figure 11 . Figure 11 shows that by applying the proposed control method in this paper, the 100 HZ oscillations in active and reactive power, electromagnetic torque, and DC-Link voltage are considerably decreased. This fact improves the output power quality together with satisfactory performance of the DFIG system. 7.3. Simulation results for the robustness of the proposed method using the 2MW DFIG system
In order to nd out the e ects of parameter changing on the robustness of the proposed method, 2 cases are considered. In case I, DFIG parameters including stator and rotor resistances, and leakage inductance and moreover, they are compared with the results of the system with nominal parameters. It can be inferred from the results that for the proposed method, the controlled variables (electromagnetic torque, active and reactive power, and DC-link voltage) are not changed practically with changing the parameters. Also, the same process is done using the method presented in [32] . The simulation results are depicted and compared in Figures 13(a) to 13(d) . Comparison between the results shows that changing the parameter by 10% in the method presented in [32] would change the results noticeably in comparison with the SMC method.
Besides, compared with the simulation results of the previous section, the parameter variations of the system have negligible impact on the amplitude of the oscillations and performance of the control system. which is acceptable.
Conclusions
In this paper, the enhanced coordinated control of a DFIG-Based Wind-Power Generation System with SGSC under Unbalanced Grid Voltage Conditions including 1-phase and 2-phase unbalances was investigated. The proposed control scheme was based on SMC for the SGSC and GSC; it was simply implemented and it improved the operation of the DFIG system in both transient and steady states for unbalanced grid voltage. Additionally, the proposed method was able to cancel the oscillations of electromagnetic torque, and active and reactive power, which led to improvement of output power system. The e ect of parameter changing on the robustness of the proposed method was independently studied in two cases of DFIG parameter changing and converter parameter changing. The simulation results showed that the proposed method, compared with the existing methods in the literature, was signi cantly robust against parameter variations in the whole DFIG system and the connected network. Furthermore, the speed of dynamic response in the proposed method was highly improved compared to the methods presented in the literature. In addition, simulation results con rmed the pro ciency of the proposed model with practical inputs and data. 
